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A.bstract 
Th e ea r t hw o rm, Aporr ec todea Jon ga , which 
ex p e ri e n ces a n a ppar e nt o bli g ato ry ph ys io lo gical 
r es tin g sta t e ( "diapaus e" ) in t h e temperate 
S umm e r, was co ll ec t e d mo nthl y fr o m Fe bruar y 
t hr o u g h t o Oc to b e r. Mo rphol og ica l exa mination of 
th e c hl o r agocytes , an d q uanti tative e lec t ro n p r ob e 
X-r ay microa n a lys i s of th e i r co nstituent 
c hl oragoso me g r a nul e s pr epare d by 
cryo ult ra mic roto my a nd a ir - d r ie d /s mear in g , we re 
und e rt a k e n over thi s p e ri o d. Worm s ent e red 
d ia p a u se in May, a nd e me r ge d fro m it b e tween 
Au gust a n d Se pt e mb e r. Th e lo n g - te rm e n e rg y 
sto r es in th e for m of li p id, i n a ddition to th e 
mo r e us u a l po lysacc harid e (g lycoge n) r eserves , 
were a cc umul ate d b y ea rl y di apa u se ; th e lipid was 
g r a du a ll y c o n s um e d durin g di a p a u se . I n a ddition, 
th e str u c ture a nd co mpos iti o n of th e 
c hl oragoso mes c ha n ge d co n si d era bl y dur in g th e 
an n ual c y c le: t h ere was a n acc um u latio n of Ca , P , 
Zn a n d S arou n d th e p er io d o f e ntr y int o 
d iapa u se; Ca , P a nd Zn we r e mo bili ze d fr o m th e 
g r an ul es as d iapa u se p rogresse d . Th e a d a pti ve 
s ig nif icance of th e s e c ha n ges is di s c u ss ed in th e 
b r oad co nt ex t o f th e diff ere n t eco ph ysio log ica l 
st r a t eg ies evo lve d b y s t e noh a lin e eart h wo rm s t o 
resolve t h e pro bl e ms pose d b y d ry c lim a ti c 
co n d it io n s. 
Key words: ea rthw o rm s , diap a u se , c hl o rag o somes, 
mor p h olo gy , X- r a y mic ro a nal ys is . 
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Introdu ction 
Ea r t hw orm s form th e dom in a nt co mponent o f 
t he a nim a l biom a ss in ma n y t e mp e r a t e soils, and 
th ey pa r t ic ipat e a c ti ve l y in s oil min e r a li sa tion and 
nutr ie nt cyc lin g pr ocesses (Edw ar d s a nd Loft y , 
1977; Wa llw o rk, 1983 ). Ear thw or ms a r e adapted t o 
a r ange of diff e r e n t mo is t t e rr es tri a l h a bit a ts, but 
th ey ca nn ot co lo ni ze per ma n e ntl y dr y soils 
b ec a u s e t h ey ha ve evo lve d f ro m aquati c , 
s t eno h a lin e fr es hw a t e r a n cestors (S im s and 
Gera rd, 1985 ), a nd still re t a in th e os mor eg ulator y 
feat u res o f fr es hwat e r a nim al s (Die t z and 
Alv ara d o , 1970) . So me t rop ica l wo rm s b e longing, 
fo r e xa mp le , to t h e ge n era Ph e ret ima a nd Lampito 
can s ur v ive in r e la ti ve ly d ry so il s , b eca u se th ey 
po s sess s pec ia li ze d e nt eronep hri c excre t or y 
s y ste ms th at pr o mo t e wa t er con serva ti o n 
(Take uc h i, 1980; Wa llw o rk, 1983 ). S ur v iva l du r in g 
pro long e d s pe ll s of d ry wea th er in temp e r a t e 
cli mat e s c an be ac h ie v ed b y comb in a ti o n s of 
be h av ioura l a nd p h ys io log ica l a d a pt at io n s. Two 
d isti n c t p h ys iolog ic al res t in g sta t es ca n b e 
d is t ingu is h ed : q u iescence a nd di apa u se (Oli ve a nd 
Clark , 1978) . 
Qui e sce n ce is a s t ate t ha t a ll e arth wo rm 
spe c ies ca n a d opt in resp on se t o d e h y d ra tion. It 
is o f te n c h a r a c t e r ize d b y a re t rea t to d ee p e r soil 
layers espec ia ll y in spec ies possess in g pe rman e nt 
ve rt ica l b u rrows , t h e a r res t of fee ding a nd 
rep r o du ct io n, a r egressio n of p rimar y and 
seco nd ary sex u a l str u c tu res a n d , c ru c iall y , a 
progres s ive loss of t i ss u e wate r (Oli ve a nd Cla rk, 
1978 ). Diapa u se , in co ntr as t, is a more di sc r e t e 
p h ys iolog ica l s t ate , r es tr icte d to ce rt a in s p ec ie s, 
wh ere th e indi v idu a l wo rm s s top feed in g , co il int o 
a kn ott e d b a ll insid e a mu c u s -lin e d s o il "cell", 
reso rb re pr odu c ti ve ti ss u e s, und e rg o caudal 
rege n erat io n , a nd d es pit e lo si n g we ig ht do not 
suff e r s ignifi ca nt ti s su e d e h y drati on ( Olive and 
Clar k, 1978; Clem e nt and Ma n ava lar amanujam, 1982; 
Morga n, 1984 ). 
Dia p a u se in ea rthworm s , a s in inse c ts 
(Saund e r s , 1976 ), c an b e e ith er obli g atory or 
fac ul t a t ive . Fac ult a ti ve diapaus e is trigg e red by 
d e t e ri o r a ting e n v ironm e nt a l c onditi o ns, notabl y a 
gra du a l r e du c ti on of soil moi s tur e co nt e nt; but if 
conditi o ns r e main fa v ourabl e , th e n ac tivit y is 
unin te r r upt e d. Obligator y diap a us e is le ss tied to 
e n v i ro nm e nt a l condition s ; worms ma y 
spo nt a n eo usly e nt e r a nd ex it thi s state, 
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pr es umably according to genetically programmed 
neuroendocrine rhythms. The distinction between 
these two forms of diapause is co nceptually clear, 
but experimentally difficult to demonstrate. 
The earthworm, Aporrectodea Jonga, enters a 
definite diapause that lasts for several months in 
the British summer. Semiquantitative electron 
probe X-ray microa nalysis (EPXMA) of air-dried 
tissue smears from the c hloragogenous tissue of 
this species, has shown that the multifunctional 
chloragosome granules undergo major 
co mpositional changes before and during diapause 
(Morgan, 1984). It has been suggested that the 
temporal pattern of accretion and loss of elements 
(P, S, Ca, Zn), in these unique storage organelles 
(Fischer, 1975; Prent¢, 1979; Morgan, 1984) during 
the annual cycle, coincides with the phased 
nutrient deposition, nutrient consumption and 
acid-base regulation d e mand s imposed by the 
protracted resting period. 
The objectives of the present study are 
twofold. First to observe whether, in A. longa, 
the morphology of the chloragocyte cells, and of 
the intracellular chloragosome granules, change in 
response to the distinct ecophysiological states 
that the worm experiences during its entire 
annual cycle, including diapause. Second, to 
measure quantitatively by EPXMA the composition 
of c hloragosomes, before and during diapause, to 
in ves tigate the role of these organelles during 
diapause. 
Materials and Methods 
Anjmals. About 10 individuals of the 
earthworm, A. longa, were collected at monthl y 
intervals, from February to October, by digging 
and handsorting, The sa mpling site was a 
r e latively undisturbed garden in Cardiff, South 
Wales. The February, March, April and Octo ber 
worms were active; July and August (no sample 
was collected in June) worms were in diapause. 
About 20 worms were co lle cte d in May; 
approximately half of these were still active, 
whilst the others had entered the characteristic 
knotted diapause state. Worms were transferr ed 
immediately in their native soil to the nearby 
laboratory and pro cessed for analysis. 
Morphology: electron microscopy. Worms 
were not "starved" to clear their guts prior to 
processing. Small pieces of intestine with 
attached chloragogenous tissue, taken from 
approximately half-way along the length of the 
intestine, were fixed in 3% glutaraldehyde in O.lM 
phosphate buffer (pH 7.4), post-fixed in 1% 
Millonig's phosphate-buffered Os0 4 , dehydrated 
and e mbedded in Spurr resin. Thin sections 60nm 
were cut with an LKB Ultratome III and stained 
with uranyl acetate and lead citrate, and observed 
and photographed in a JEOL lOOS transmission 
e.m. 
Cryomjcrotomy. Small pieces of fresh 
chloragogenous tissue were taken from worms 
sampled at each time interval, and cryofixed by 
immersion in a home-made propane plunger (Roos 
and Morgan, 1990). Specimens were stored under 
liquid nitrogen until required for sectioning. 
Cryosectioning was performed either in a 
Slee Type TUL Cryostat (chamber temperatur e , 
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183K) or in a Reichert Ultracut FC4E 
Cryoattachment (chamber temperature, 153K ). 
Sections nominally 70nm thi ck ness, were handl ed 
and externally freeze-dried as described by 
Winters and Morgan (1988). 
Air-dried smears. Th ese were prepared from 
5 "active" worms sampled in April and from 5 
"resting" worms collected in May , Smearing was 
performed on titanium grids as described 
previously (Morgan, 1984; Winters and Morgan, 
1988). Individual granules were analysed, 
.EJ2XM.A. Analyses were performed in a 
Philips TEM 300 (80kV; curren t = 0.2-0.3 nA; 
li vet ime = 100s; output co unt rate 1000 counts 
per second; specimen tilt angle = 21°) equipped 
with a Link 30mm 2 EDS detector and Link 860 
Series 2 multichannel analyzer/Quantem FLS (Link 
Systems Ltd.) analytical system. Quantitation was 
facilitated with sectioned aminoplastic standards 
(Morgan and Winters, 1988; Morgan et al., 1989). 
Data analysjs. Statistical analyses of the 
data were performed by Epistat, Version 3.0 for 
the IBM P.C. 
Results 
Morphology: chloragosome granules 
Earlier observations indicated that the 
chloragosomes of A. Jonga underwent major 
co mpositional changes during the annual cycle , 
and especially in those Summer months during 
which diapause occurs (Morgan, 1984 ). Although a 
direct correlation of co mpositional and structural 
c hanges in these inorgani c -rich organelles 
(Morgan, 1981, 1982, 1984; Morgan and Winter s , 
1982; Prent1<1, 1979; Winters and Morgan, 1988) 
would probably require preparation by a 
stringent versio n o f a compromise 
cryoprocedure" , such as freeze-substitution (Roos, 
1989; Roos et al., 1990), it was quite apparent that 
the chloragosome morpholog y did change 
seasona lly. 
In late Winter (Februar y) the gra nul es 
appeared to be uniformly, and heavil y , 
mineralized; the fenestrated appearance of some 
granules probably being an artefact of 
preparation or sectioning (Figure 1). In Mar c h 
(Figure 2) and April (Figure 3) the chloragosomes 
had irregular profiles, with evidence of the 
budding or fusion of smaller vesicular bodies, 
co ntaining a similar matrix, to or from the main 
bod y of individual c hloragosomes. By the pre-
diapause period in May (Figure 4) the 
c hloragosomes wer e more regularly shaped and 
possessed a uniform internal appearance, although 
there was still evidence of vesicular fusion or 
budding. 
Immediately after entry into diapause in May 
(Figure 5A) the chloragosomes possessed regular 
ovoid profiles, and most granules contained a core 
of significantly denser material. By July (Figure 
6) and August (Figure 7), approaching the end of 
diapause, the ovoid shaped chloragosomes had a 
fairly lightly stippled appearance, and had lost 
the dense core that the y contained during very 
early diapause. 
After emergence from diapause, the 
c hloragosomes of A. longa in October (Figure 8) 
were ovoid in shape, and although they displayed 
Table 1. 
Sampling 
month** 
March 
(N.D.) 
----
May'F 
(N.D.) 
May'F 
(I.D.) 
·--
July 
(I.D.) 
August 
(I.D.) 
----
October 
(N.D.) 
Diapause in the Earthworm 
Elemental composition* of the chloragosome granules of A. longa determined by EPXMA of 
freeze-dried cryosections. 
-· 
Element (mM kg-1 dry weight) 
-·· 
p s Ca Zn 
299.6 (20) 162.6 (20) 67.5 (20) 111.6 (20) 
± 149.0 ± 94.8 ± 36. 7 ± 56.5 
678.2 (20) 379.9 (20) 94.1 (20) 323.5 (20) 
± 168.7 ± 100.6 ± 65.7 ± 86.7 
919.7 (20) 288.4 (20) 1004.6 (20) 269.6 (20) 
± 506.9 ± 125.9 ± 553.0 ± 156. 7 
N.S. p < 0.05 p < 0.001 N.S. 
--- ---- ----· -
82.3 (20) 174.1 (20) 86.2 (20) 5.1 (20) 
± 66.9 ± 50.2 ± 47.7 ± 10.8 
-- -·---· ---- -------
------
458.1 (20) 416.8 (20) 427.0 (20) 46.0 (20) 
± 235.2 ± 200.0 ± 244.4 ± 29.2 
--~ - --·---- __ ._ 
-· --·---·---------- ---
389.8 (20 ) 64.9 (20) 183.3 (20) 72.3 (20) 
± 370.4 ± 45.2 ± 214.0 ± 35.3 
-- --··--•-· ----·-- .. --.- ·--· - --·--·-·-·· ------- ·-------•-- ---
* data expressed as mean ± S.D . ; ** April samples were rnadvertently lost; N.D. = not m d1apause; I.D. = 
w,prms in diapause; number s in parentheses = number of individual gra nul es analyzed. 
[ The N.D. and I.D. samp les for the month of May were co mpared by 2-way Student's t-test; N.S . = non-
signifi c ant.J 
Table 2. Linear regression ana lysis of the correlations between Ca:P and Zn:S in smeared* and 
c ryosectioned** chloragosome granules from active and resting worms . 
Regression Equation t d.f. p 
ND y = -2.44 + 1.41x 1.638 18 P=O.ll(N.S.) 
Ca:P 
( Cryosections) 
ID y = 89 .79 + 0.99x 9.424 18 p < 0.001 
---·-··----- --
ND y = 19.56 + 0.77x 4.677 18 p < 0.001 
Zn:S 
( Cryosect ions) 
ID y = 93.56 + 0.61x 2.358 18 p < 0.05 
--
ND y = 29 .00 + 0.24x 7.351 33 p < 0.001 
Ca :P 
(Sm ears ) 
ID y = 2.79 + 0.72x 10.084 39 p < 0.001 
,.----·--·-
ND y = 7.03 + 0.47x 11.63 33 p < 0.001 
Zn:S 
(Smears) 
ID y = 152.31 + 1.65x 0.299 39 (N.S.) 
t - d1str1but1on was used to determme 1f the slope of the regress10ns differed s1gmf1cantly from zero; * 
= for s mea rs th e active animals (ND = "not diapause") wer e sampled in April; ** = for cryosections the 
active a nimals were sampled in May; for both smears and cryosec tions the resting animals (ID = "in 
diapause") were sampled in May; N.S. = non significant. 
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Diapause i n the Earthworm 
Figures 1-8: Transmission e le ctron micrograp h s of res in e mb edded sec tions of the c hl oragogenous tissue 
from A. longs sampled monthl y from Febr uar y to October . Labelljng: ch, c hl oragoso me granu les; g, 
glycoge n rosettes; m, mito c hondria . 
Figure 1: February sa mpl e . Note the h eav il y min era li ze d, fenestrated natur e , of the ch lo r agoso mes. 
Figure 2: March sa mpl e . Note: the irr egu lar c hl oragosomes; the membrane limitin g the c hl oragoso mes 
(a rrows); g lycogen; the irregularl y - shaped me mbrane-limited vacuo les with grainy co ntents (v); and 
the pa le e mpt y vacuo les (e). 
Figure 3: Apr il sa mpl e. Many of the c hl oragoso mes are irregularly s hap e d, the processes of ad ja cent 
ce ll s interdigitate, and th e empty vacuo le s (v) appear to h ave rows of g lycogen partic les radia tin g 
from them. 
Figure 4: May sa mpl e - before e ntry into diapause. Note t h at the cytop lasm of the ch loragocyte is 
packed with g ly cogen , and that man y of th e chloragoso mes are surro und ed by small dense ves icl es 
which, in places, seem to be fused with the main body of the c hloragosom e (arrows ). 
Figure 5: A. May sample - just after entry int o diapause. Note that the chloragocytes are packed with 
irregularly shaped vac uoles (L) , which ma y be lip id -ri c h. B. Note that the (p resumptive) lipid 
vacuoles (L) ha ve mic rovesi cu lar contents (arrows). C. The mem br a n e limiting the chloragosome 
(arrows) and the d e nse cores of these min era li zed organe ll es are prominent; n o te a lso the hi g h 
density of g lycogen and the cell - cell co ntacts (s ma ll arrow ). 
Figure 6: July samp le. The c hlorago so mes pos sess homogeneous finely-grained contents . One ce ll 
conta ins some g lycogen reserves and several e mpt y vac uoles (v). There is so me evidence of the 
presence of multiv es icular vac uoles (arrows), but whether they are the same as the pres umpti ve 
lipid vacuo les seen ear li er in diapaus e (Figure 5B ) is un certa in. Some ce ll s ma y be disrupted. 
Figure 7: August sample - end of diapause. The cells still co ntain ovoid c hlorag oso mes with grainy 
contents , g lycogen, a nd many s mall e mpt y vacuoles. The ce ll me mbranes are relat ive l y s moot h. 
Figure 8: October samp le - active worm o ut of diapause. Th e c hlot·agos o mes possess a co n ce ntri c 
structure, a nd th e glycogen co ntent of the cytoplasm is deplet e d. Note the presence of lysosom e-
lik e vesicles with d e ns e , fin e ly granular c ont e nts (arrows ). 
some structural h e te rogene it y, man y possessed a 
co ncentri c appeara n ce with an o ut er she ll of 
relatively dense material. These gran ul es were 
rather re mini scent of those described in t h e 
active , non-diapausing eart h worm , Lumbri c us 
terrestris ( Prentf25, 1979; Morgan, 198 1 ). 
Morphology: chloragocytes 
The c hl oragocytes were ri c h in g lycogen 
during the pre-diapause (Figures 1-4) and ear ly 
diapau se (Figures 5B and 5C) periods. T h ere was 
some indication that th e amount of g lycogen 
stored in some ce lls was s ignif icantly depleted b y 
late diapause (Figure 6), a lth ough the stores in 
other ce lls remained re latively high. 
In ea rly diapause the cytoplasm of t h e 
chloragocytes became packed with irregularl y 
s hap ed vac uolar s tru ctures of unknown aet io lo gy 
co ntaining relatively electron dense material 
(Figure 5A), Some of these (presumptive) storage 
vacuoles were distributed between the 
ch loragosomes , but most were aggregated together 
in relativ e ly ch lor agosome- fr ee regions of 
cy toplasm. At h igher magnifications these 
vacuo les appeared to h ave microves ic ular con tent s 
(Figure 5B). By July and August the number of 
storage vacuoles within the c hl oragocy t es see med 
to have diminished, although there were e lectron -
dense mul t i vesicu lar bodies ( Figure 6) present, 
whi c h may b e cy tol og ica ll y identical to the s torag e 
vacuoles seen in ea rl y di apause . 
Elemental composition of ch)oragosomes: 
crvosections 
EPXMA observations on the composition of 
cryosect ion e d c hlorago so mes (Figure 9) are 
s ummari ze d in Table 1. Four main conclusions 
emerged from th e quantit a ti ve dat a: (i) the Ca and 
P co n ce ntration s peaked a fter entry into diapaus e 
(althou g h th e pre- to post-diapause (Ma y ) rise in 
P was not sign ifi ca nt) and decreased through 
diapause; (ii) the Zn co n ce ntration peak ed around 
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th e time of e ntry into diapause (May), and 
decr ease d through the resting period; (iii) the S 
conce ntration peaked just before e ntry in to 
diapaus e , but remained fair ly high throughout 
diapause; (i v) the Ca:P molar ratio was low ( < 0.5) 
out s id e diapaus e , but approached 1:1 during the 
resting period. 
Positive re lat ion s hips were found between 
Ca:P and Zn:S in the c hloragos ome granules of 
ear thw or ms sampled immediately before and 
imme diately after entry into diapause; the 
re lationships were statistica ll y significant, except 
for Ca:P in the pre-diapause period (Table 2) . 
Two furth er observations shou ld be mad e. 
First, the in ter-granu le co mp ositio nal variability 
was high, indicating that these organe lles are a 
che mica lly, if not functionally, h eteroge n eous 
population. Wh et h er multivariate stat i st ical 
a n a lys is of a lar ge unbia se d samp le of 
c hl oragoso mes (Morgan e t al. , 1989) would disse c t 
the popu lati on into distinct co horts of granu les 
rema in s an ope n question. Second, to describe 
e lementa l concentrations peaki n g "j ust before" or 
"just af t er" entry into di a p ause is s lightl y 
misl eadi ng, be ca u se t h e "not in diapause" a nd "in 
d ia pause" samples taken at the same time in May 
do not necessarily rep r ese nt physiological 
co ntinua. It is feas ib le , for exa mp le, that at the 
point when each worm swi t c h ed into diapaus e 
there was a surge in c hl o ragos o mal Ca 
co ncentration whi c h persisted int o ea rl y diapause ; 
if th e kinetics of this Ca surge is rapid it c ould 
be misse d in the pre-diapause samples and 
recorded as a post-diapause Ca p ea k. 
Elemental composition of chloragosomes: smears 
EPXMA observations on th e composition of 
s meare d chloragosomes (Figures 10), sampled from 
"active" April worms and "resting" May worm s , 
are s umm a ri zed in Tabl e 3. Three co nclusions 
emerge d from the dat a : (i) th e c hloragosomal Ca 
Table 3. 
I 
A J Morgan and C Winters 
Elemental co mp os ition * of the c hlora gosomes from ''active" (Apri l sample) a nd "resting" (May 
sa mple) A. Iong ·a prepared b y air-dried/smearing. 
' 
Element (mM kg-1 dry weight) 
I 
p s Ca Zn 
----- - ----------- ~- -·----------
\Not in Diapause 38 1.5 (35) 160.6 (35) 120.5 (35) 8 1.9 ( 35 )I 
109.2 ± 81.9 (April) ± 358 .6 ± 157.5 ± 
Early Diapause 990.6 (41) 447.3 (41) 712.2 (41) 159 .6 (41) 1 
(May) ± 422.3 ± 211. 7 ± 355.9 ± 73.0 
--l 
**P < 0.001 p < 0.001 p < 0.001 I p < 0.001 
; 
I 
i 
* = data expressed as mea n ± S.D.; numb ers in parentheses = numb er of 1nd1v1dual g ran u les 
analysed; ** = differences between means tested by 2-ta il e d Stud e nt's t-test. 
and P concentrations were significantly higher 
during early diapause; (ii) Zn and S 
co ncentrations were also significantly higher in 
early diapause, compared with the chloragosomes 
of animals actively feeding approximately one 
month prior to Summer activity; (iii) there seemed 
to be no significant difference between the 
absolute concentration values for Ca, P, Zn and S 
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Figure 9: Thin freeze-dried cryosection of the 
chloragogenous tissue of A.longa sampled in 
March ( not in diapause ). The ovoid 
chloragosomes (ch) are readily discernible. 
Figure 10: Air-dried smear of fresh 
chloragogenous tissue from a worm sampled in 
chloragosomes (ch). 
derived from cryosec tions and smeared 
c hloragosomes, respectively (cf. Tables 1 and 3). 
Whe n the data from smears were plotted as 
frequency histogram s ( not shown) the cha ng e in 
ch lor agoso mal co mposition from the active (Aprill 
to the ear ly resting (May) phases of the life- cyc le 
was revealed: the April to May shift in the Zn 
media n was from 48 to 154 mM kg- 1 dry weight; P, 
from 202 to 912 mM kg- 1 dry weight; Ca , from 88 
to 672 mM kg- 1 dry weight; S, from 160 to 431 mM 
kg- 1 dr y weight. 
Discussion 
In an earlier paper (Morgan, 1984), invol v ing 
the semiquantitative EPXMA of smears, it was 
observed that the co mposition of the 
c hloragosomes of A. longa changed during the 
life-cycle, and especia lly in the period immediately 
before and during S ummer diapause. The present 
quantitative EPXMA a nalyses substantiated these 
findings. Furth er more, it was shown that the 
structure of the chloragocyte cells, including the 
morphology of their constituent chloragosome 
granules, also c hanged co nsiderably with seasonal 
adaptations. 
EPXMA data alone cannot provide direct 
information about the metabolic or functional 
significance of the "programmed" elemental 
changes in the chloragosomes. However, the 
present morphological and microprobe observations 
indicated conclusively that the chloragogenous 
tissue plays important nutrient storage and 
supply roles during the protracted resting period 
experienced by A. long·a. Significantly, Semenova 
( 1967) concluded from histological studies of two 
related species, A. rosea and A. caliginosa, that 
the chloragogenous tissue accumulated high 
co ncentrations of glycogen and lipid before 
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W/ S SUMMER A/W 
STRATEGY 1 constant. dry OBLIGATORY OIAPAUSE 
(corooutted l
FACULTATIVE OIAPAUSE 
(fairly flex1blel 
QUIESCENCE 
(very flexible l 
SEASONAL ECOPHYSIOLOGICAL ADAPTATIONS 
Figure 11: Hypothetical models of the adaptation 
of different British earthworm species to the 
problems that ma y be posed by temperate 
S umm ers , when dry soils can limit movement 
feeding a nd reproduction. In Summers tha~ 
are exceptiona ll y dry for long co ntinuous 
periods, Strategy 1 (obligatory diapause), as 
displa ye d by A. lon ga and c hara c terized b v a 
programmed ( '') accretion of nutrient ~nd 
energy stores, probably provides survival 
a d va ntages to the individual worm, although 
reproduction is precluded during diapause. 
In S ummer s where the dry pe riod is 
int e rrupted periodi ca ll y b y occas ional wet 
spells, Strategy 2 (facultative diapause) may 
co nf er an advantage , although the exte nt of 
nutl'i e nt and en e rgy storage prior to 
diapause, the rapidity with which these 
s pe c ies can resume reproduction after 
e mergence from short-term diapausal rest, is 
unknown. In except ionally wet Summers, 
species displaying Strategy 3 (quies ce nce) are 
probab ly at an advantage, certa inl y over 
those species displaying obligatory diapause, 
b eca use they can exploit the fa vou rable 
c limati c co nditions b y co ntinuing their feeding 
and reprodu c tive activities. These various 
s trategies persist in different species, 
be ca use, for example: (a) the selective 
advantages frequently c hang e from year to 
y ear; and (b) the terrestrial ecosystem is 
very heterogeneous, offering favourable 
micro habitats to quiescing species even in 
ex tremely dry Summers. 
(W/S = Winter/Spring; A/W = Autumn/Winter) 
diapause, and that the quantities of these energy 
reserves decreased as diapause progressed. 
Glycogen is generally considered to be the main 
energy-storage molecul e in earthworm tissues 
(Ireland and Richards, 1977 ). The advantages of 
supplementing the readily mobilizable glycogen 
e nergy reserve with long-term adipose reserves 
prior to diap a u se are self-evident, especially sine~ 
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th e n et y ield of ATP from the co mplete oxidation 
of s t ear ic ac id (MW = 284 ), for example, is 146 
units co mpared with the yield from glucose (MW = 
180) of 38 units (Staunton, 1978). The organic 
matri x of the chloragosome granules contains a 
mixture of redox pigments, in c luding riboflavin, 
fla vin nucleotides, thiamin, carotenoids and 
meta lloporphyrins (Roots and Johnston, 1966; 
Fischer, 1975). Since earthworm chloragocytes are 
not espec iall y mitochondria-ri c h ce lls, it is 
int rigu in g to specu late about th e possible role of 
the c hloragosomes in the ca tabolism of energy-
storage molecules during diapaus e . 
It has b ee n shown (Morgan, 1982; Morgan 
and Winters, 1982) that the conce ntrations of Ca 
and P in the chloragosomes of A. Jonga are 
s ig nifi can tly lower than in the c hloragosomes of 
Lumbricus terrestris, an earthworm that does not 
e nt er diapause during the British Summer . It was 
suggested (Morgan, 1982, 1984) th at the lower 
ch loragoso mal Ca and P co n centr ations, coupled 
with the possession of non-minerali z ing calci ferous 
glands b y Aporrectodea spe c ies, resulted in the 
r e lat ive ly narrow soil-pH tolerance of this species 
group. Our present observations do not detract 
from this hypothesis, but th ey do indicate that 
th e e ndog e nous pH buffering capacity of the 
c hl oragoge nous tissue, med iated via stored Ca and 
P, is e le vated b y the start of diapause. If, as 
see ms lik e ly , Ca and P are released from the 
ch lor agoso mes during the progression of diapause, 
it i s p e rtinent to co nsid er their fate, since the 
"a c ti ve " A. longa does not fo ssess glands capa ble 
of excreting the excess ca 2 (and Hco 3 -) from th e 
bod y flmd s ~
1
Morgan, 19l2; see a lso : Kuhle, 1980). 
Thu s , do Ca and PO4 accumulate in the body 
flu ids of A. longa during diapause, or are they 
eliminated ei th er through the nephridial s ys tem or 
v ia a diapause-activated calciferous g land ? 
Cauda l regeneration has been shown to be 
activated during diapause due to the withdrawal 
of a regeneration-inhibiting hormone with 
gonadatrophic properties (Oliv e and Clark, 1978; 
Clem ent and Manavalaramanujam, 1982). Could it 
be that the calcifero us glands of A. Jonga are also 
activated during diapause by release from the 
inhibitory influ ences of a neurosecretion? At 
pre se nt th e re is no answer to the question, 
a lth ough the pr ese n ce of an anatomically discrete, 
morphologi call y co mplex, but "non-functional" 
c alciferous g land in A. Jo nga (Morgan and 
Chatter j ee, unpublished) represents an 
evolutionary puzzle. 
Diapause, in earthworms that display it as a 
di screte phase in the life-cycl e repertoire, is an 
ecop hysiologi ca l strategy to overcome the 
problems imposed by adverse c limatic conditions 
(Figure 11). However, since temperate climates 
are as a rule very variable, the evolutionary 
"alt er native" strategy of quies ce nce would appear 
to b e both more flexible and productive. With the 
tr end anticipated in some quarters of long, dry 
Summers extending northwards in Europe, it will 
be inter est ing to see whether diapausing species 
of e arthworms will become increasingly pre-
dominant in soils that geo c hemically favour them, 
with those spec ies relying on quiescence being 
confined to microhabitats that are permanently 
moist. 
A J Morgan and C Winters 
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Discussion with Reviewers 
D. Sigee: The authors state that there seemed to 
be no difference in chloragosome concentration 
between cryo and smeared preparations. In vie w 
of the high degree of variab ilit y, do they feel 
this conc lusion is justified? 
G. M, Roomans: As can be judged from the 
standard deviations, there must be a considerable 
var iation in the elemental composition of granules 
within a single month. Is this mainly an inter-
granule var iation or an inter-animal variation? 
Authors: Analytical theory indicates that there 
should be no difference in the measured 
conce ntration s in cryosectioned and smeared 
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preparations of organelles (albeit rather untypical 
ones !) of the dimensions of eart hworm 
c hloragosomes. However, the observed high 
variability in ch loragosome composition is both 
interesting and troublesome, because it is 
undoubtedly genuine in that a major proportion of 
it is due to biological heterogeneity. The analysis 
of severa l chloragoso mes within a s ingle cell in a 
c ryosection, where the limits of the cell can be 
accurately delineated, indicates that there is 
considerable composit ional heterogeneity. 
Morphological studies also indicate that there is 
considerab le struct ural heterog ene ity within a 
given ce ll's c hloragosome population. These 
aspects of palpable variability emphasize how little 
we understand of the formation, fate and function 
of c hloragosomes. However, high variability is 
troubl eso me because it presents an ana lytical 
c hall e nge akin to the sampling decisions that have 
to be made in morphometry: how many 
co mpartments per cell shou ld be analyzed; how 
many cells per section; how many sections per 
spec ime n; how many tissue specimens per anima l; 
how many animals should be sampled ? 
D. Sigee: Although the results demonstrate 
chloragosome c hanges in relation to diapause, 
there seems to be no clear evidence that these 
c hanges have nutrient implications. What c ritical 
evidence is there that ch loragogenous tissue is 
important in nutrient storage and supp ly? 
Authors: The critical ev iden ce that 
c hloragogenous tissue possesses a nutritional 
function is rather limited and indirect ( see papers 
by: Semenova, 1967; Ireland and Ric hards, 1977). 
Howev er , e le gant biochemical assays by Prentp 
(Pr e nt¢ P, 1987a - Blood s ugar, sugar metabolism 
and related enzymes in the earthworm, Lumbricus 
terrestris L. Comp. Biochem. Physiol. 86B: 333-
341; Prentp P, 1987b - Distribution of 20 e nzymes 
in the midgut region of the earthworm, Lumbricus 
terrestris L., with parti c ular emphasis on the 
physiological ro le of the c hloragog tissue. Comp. 
Biochem. Ph,vsiol. 87B: 135-142) indicate that the 
tissue is a storage site for g ly coge n, lipids and 
phosphate . The tissue is probably also involved 
with haemoglobin synthesis (Prent¢, 1987b), the 
scaveng ing of H2O2 by cy tosoli c catalase (Prentp 
P, 1986 - Cellular and intracellular distribution of 
ca talase and acid phosphatase in the midgut of 
Lum bric us terrestris L.: a ce ll fra ctionation study. 
Comp. Biochem. Physio l. 83B: 385-390), and urea 
biosynthesis during starvation (Prent¢ P, 1989 -
Distribution of arginase and other ormithine cycle 
e nzymes in the gut of the earthworm Lumbricus 
terrestris L., and some physiological and 
comparative implications. Comp. Biochem. Physiol. 
93B: 509-515 ). 
R. Wroblewski: Cou ld you corre late your results 
ob tained from the smears and from sections from 
t h e same animal? Such va lues will give a measur e 
of h ow reliable are the respective methods of 
preparation and analysis. [An a lt ernative method 
of analysis of ch lorago cytes and c hloragosomes 
might be the use of semi-thin and thick freeze-
dried cryosections c ut in the co nventional 
cryos tat. We found it possible by using this type 
of tissue preparation to identify c hlora gocytes 
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and single chloragosomes: Wroblewski l{ et al., 
1979 Elemental ana lysis of histo che mica lly 
defined ce ll s in the earthworm Lumbricus 
terrestris. Histo chemistry 61: 167-176). 
Authors : We have not systematically attempted to 
determine the correlation that you suggest. The 
existence of large ce ll-to-cell, apart from large 
inter-granule, variations would intrude on the 
technical purpose of such a study. In esse nce, it 
would be difficult to ensure that the analyzed 
specimens were initially identical even though 
they were derived from the same animal. 
R. Wroblewski: You mentioned that intergranule 
co mpositional variab ilit y was high and that during 
May dense cores were vis ible in the centre of 
ch loragosom es . Could you see the same featur e 
also in the cryosections and possibly analyse 
these two areas? 
Authors: We have not seen dense cores or 
concentric substructures within any of the 
cryosectioned granules of A.longa, probably 
because our sections were, on the whole, rather 
thick. It is also conceivab le that some of the 
substructure seen in fixed, resin sections is an 
artefact due to the differential extraction of 
mat eria ls. How ever we have observed dense cores 
and dense caps in the cryosectioned 
c hloragosomes of the earthworm species, 
Dendrodrilus rubidus, containing Pb accumulated 
from a contaminated environ ment; the composition 
of these features was shown to differ (Winters 
and Morgan, 1988). 
R. Wroblewski: How would your results look if 
you took into account changes in the hydration 
state of tissues during ND ("non-diapause") and 
ID ("In d iapause") periods, and presented the 
data on a wet we ight basis? 
Authors: This is an intriguing question that 
ca nnot be answered at present. We need to know 
whether the state of h yd ration of tissues, and of 
individual cells and their compartments, changes 
with entry into diapause and with the progress of 
the resting state. In particular, it would be 
important to know wheth er water is preferentially 
withdrawn from the int egumentary ep ithelial ce lls, 
so that the elevated osmotic pressure would tend 
to reduce losses to the dry surrounding soil. 
G, M, Roomans: In mammals, zinc is an important 
ion in wound repair. Does this e lement play a 
similar role in the regeneration of tissue in 
earthworms? 
Authors: Zin c has a well recognised role in the 
prevention of tissue lesion s, and as a stimulant of 
tissue repair processes, in a number of mammalian 
systems, although the precise mec hani s m(s) are 
rather poorly understood (e.g. Arakawa T et al., 
1990 Effects of zinc L-carnosine on gastric 
mucosa] and ce ll damage ca used by ethanol in 
rats. Corre lation with e ndogenous prostaglandin 
E2 , Digestive Diseases and Sciences 35: 559-566). 
Earthworms hav e a cons iderable capacity to 
regenerate lost or damaged segments. They also 
normally contain high zi nc co ncentrations in their 
c hlor agogeno us tissue (Morgan, 1982). But is has 
not been shown that z inc plays a role in 
eart hw orm tissue regeneration, although the 
likelihood that it does so is high. 
